Abstract: Simultaneous MIMO-free transmission of a record number (12) of orbital angular momentum modes over 1.2 km is demonstrated. WDM compatibility of the system is shown by using 60 WDM channels with 25 GHz spacing and 10 GBaud QPSK. 
Introduction
Orbital angular momentum (OAM) carrying modes of optical fibers have received significant attention recently for their potential use in mode division multiplexing (MDM) as independent data carriers without the use of cost and power intensive multiple-input-multiple-output (MIMO) digital signal processing. OAM modes are characterized by a helical phase profile, , where is the azimuthal coordinate and is the topological charge, and a circular polarization . They come in pairs with OAM and circular polarization of the same handedness (spinorbit aligned) or different handedness (spin-orbit anti-aligned). With appropriate fiber design, such modes are separated from their nearest neighbors in effective index (n eff ), and have been shown to be propagation-stable on the order of kilometers [1] .
Previously, MIMO-free data transmission has been demonstrated with four OAM modes over km-lengths of suitably designed optical fibers [2, 3] . Although fibers supporting a larger number of OAM states have been designed and tested [4, 5] , data transmission over a larger ensemble of OAM modes remains to be demonstrated.
This work investigates MDM transmission using 10 GBd QPSK of 12 OAM modes, i.e. the largest number of mode groups transmitted MIMO-free, over 1.2 km. It is found that all the data channels are below the soft-decision forward error correction (SD-FEC) limit using a 25GHz-spaced frequency comb producing 60 WDM channels. The experimental setup is outlined in Fig.1 . A frequency comb with 60 WDM channels, spanning from 1550 nm to 1562 nm with 25 GHz spacing, is generated by using a 1544 nm CW source which is phase-and intensity modulated, for initial side-band generation. This is amplified and passed through two stages of highly non-linear fiber in order to broaden the optical spectrum further. The comb is spectrally flattened, and split into even and odd channels using a wavelength selective switch (WSS). The even and odd channels are modulated separately, with 10 GBd QPSK signals, and combined using a 3 dB polarization maintaining coupler. The comb is then passed through a polarization division multipexing emulator, resulting in an output signal carrying data on two orthogonal polarizations, with a differential delay of 300 ps. The signal is then split in a 1x8 coupler, two outputs are discarded, and the 6 remaining polarization-multiplexed outputs are amplified individually for use as independent data channels for the 12 OAM modes.
Experimental setup
Each of the 6 amplified outputs of the 1x8 coupler is passed through a polarization controller and collimated. Each path is passed through a q-plate [6] , which generates a polarization-dependent combination of OAM beams: either a combination of and in the spin-orbit aligned case, or and in the anti-aligned case, is achieved by this architecture. The linear combination of the two degenerate states created by each q-plate is adjusted, by controlling input single-mode fiber (SMF) polarization, such that degenerate state mixing in the optical fiber is "unwound." The 6 paths are combined using 5 beam-splitters, and are coupled into the OAM fiber, resulting in a total of 12 multiplexed modes; , , , , and . The signal is transmitted through 1.2 km of OAM fiber, and the output is collimated, and sent through a circular polarizer, comprising a quarter-wave plate and a linear polarizer. A spatial light modulator (SLM) converts the detected mode to a Gaussian-like field, after which the beam is coupled into a SMF. The setting of the quarter-wave plate along with the phase imparted by the SLM allow choosing the fiber mode that is projected back to a Gaussian beam, that couples the data stream to the output SMF. Thereafter, the desired WDM channel is selected using a tunable optical bandpass filter (OBF) and sent to an optical modulation analyzer (OMA), handling demodulation, and error counting. Since the aforementioned setup comprises a series of 3-dB beam combiners, input losses for the 12 OAM modes are not the same. Hence, the 6 outputs of the 1x8 coupler prior to the free-space incoupling setup have individual amplifiers set for equalizing the detected power in each mode.
The system is aligned using a pulsed source and measuring in-situ the temporal impulse response of each arm independently. The polarization of each arm is aligned by temporarily removing one input to the polarization mux, and adjusting polarization such that the output projection into one degenerate state is minimized across the frequency comb. It is observed that it is not always possible to achieve a strong suppression of degenerate states across the entire comb, which may be due either to imperfect input coupling, or to in-fiber mode coupling [7] . Bit error rates (BERs) are measured at 3 different wavelengths: 1550 nm, 1556 nm, and 1562 nm, corresponding to the comb's shortest, center, and longest wavelength. The measurements are performed with the fiber fully loaded with 60 WDM channels and 12 modes. The measured BERs are seen in Fig. 2 a) . All 34 measurements are below the SD-FEC limit, while 24 are below HD-FEC. The (anti-aligned) modes at 1550 nm experience a mode crossing (accidental degeneracy) with undesired modes of radial mode order, =2 in this fiber, as shown in Fig. 2  b) . This mode crossing can lead to significant multipath interference (MPI) and degradation of the signal, and so while all 12 modes were detected at the other two wavelengths, only 10 modes were detected at 1550 nm. By design, this fiber should have experienced no mode crossing for any of the 12 modes. It is thus conceivable that future iterations of fabricating this fiber would yield transmission in all 12 modes across the C-band.
Results and discussion
System performance is limited by intermodal crosstalk, which was measured to be between -10.3 dB and -11.8 dB, depending on the mode. This crosstalk has two contributions: in-fiber coupling, and misalignments in the mux/demux. The system transmission matrix was measured to determine the sources of crosstalk, and is shown in Fig. 2 c) . Each column corresponds to an output projection setting, while each row indicates which modes are launched and thus contribute to crosstalk at the receiver. It was found that the strongest parasitic contribution for the modes is in-fiber crosstalk between the spin-orbit aligned and anti-aligned modes (-12.8 dB), because this mode group has the smallest n eff splitting of . and are mainly limited by crosstalk from modes of different . Since the n eff splitting between and is an order of magnitude larger than between modes with the same (see Fig. 2 b) , in-fiber mode coupling between adjacent OAM mode orders is unlikely to be significant at ~1 km [8] , thus it is concluded that this MPI is primarily due to imperfections in the free-space mux/demux. Furthermore, significant drifting of the mux/demux was observed, leading to cross-talk increasing with time, thus limiting the number of measurements that can be performed before re-alignment is needed (this being the primary reason only 3 rather than all 60 wavelength channels were measured). Therefore an improved mux/demux could significantly improve system performance.
Assuming that all 30 WDM channels between 1550 nm and 1556 nm fail to carry the spin-orbit antialigned modes, and thus only support 10 modes, while the 30 longer wavelength channels support 12 modes, the demonstrated system potentially has a total aggregate capacity of 10.56 Tbit/s after 20% FEC overhead has been deducted for all channels, which would be a 6-fold improvement compared to previous fiber-based OAM transmission systems.
Summary and Conclusions
12 OAM modes, each carrying a 10 GBd QPSK signal, have been transmitted through 1.2 km of fiber, without using MIMO. Furthermore WDM compatibility of the fiber and the mux/demux was demonstrated, by using 60 WDM channels with 25 GHz spacing. To the best of our knowledge, this is the largest number of mode groups over which MIMO-free data has been transmitted over any length of optical fiber. The most significant limitations encountered in this demonstration were the difficulties and drifts associated with aligning 6 free-space optical arms with high precision. It is thus expected that developments in mux/demux technologies would significantly enhance the system capacity of MIMO-free systems using OAM fiber modes.
